The placenta mediates maternal-fetal exchange and has historically been regarded as a passive conduit for nutrients. However, emerging evidence suggests that the placenta actively responds to nutritional and metabolic signals from the mother and the fetus. We propose that the placenta integrates a multitude of maternal and fetal nutritional cues with information from intrinsic nutrient-sensing signaling pathways to match fetal demand with maternal supply by regulating maternal physiolo-
INTRODUCTION
Reproductive success is dependent on fine-tuned sharing of resources between the mother and her fetus, allowing optimal fetal growth without jeopardizing maternal survival, in particular when resources are limited. Maternal physiology undergoes extensive adaptations to pregnancy, which are essential for the redistribution of nutrients and oxygen to the growing fetus. These maternal physiological changes include an increased cardiac output and a redistribution of blood flow to the developing placental circulation, maternal hyperventilation facilitating exchange of respiratory gases across the placental barrier, and insulin resistance, which mobilizes glucose, amino acids, and lipids in the second half of pregnancy for transfer to the fetus. The maternal physiological adaptations to pregnancy are, in part, controlled by the placenta.
In eutherian mammals, the placenta constitutes the main interface between mother and fetus and represents the primary site for maternal-fetal exchange. The syncytiotrophoblast, a highly specialized multinucleated epithelial cell layer covering the surface of the chorionic villi, produces a multitude of hormones, mediates nutrient transport, and forms a physical and immunological barrier between the maternal and fetal circulations. Because of the syncytial nature of this epithelium, most solutes transferred between the mother and the fetus must be actively or passively transported across the two polarized plasma membranes of the syncytiotrophoblast, an apical microvillous membrane in direct contact with the maternal blood, and a basal membrane facing the fetal capillaries [1] . Thus, the syncytiotrophoblast is strategically positioned as a large maternal-fetal interface, which determines nutrient supply to the fetus. Moreover, a wide array of cellular signaling pathways in the syncytiotrophoblast modulates and integrates placental growth and function in response to maternal and fetal cues [2] .
A large body of epidemiological and animal experimental data suggests that adverse influences during early development, in particular during fetal life, increase the risk of developing disease in adult life [3] . This paradigm, referred to as ''fetal programming'' or ''developmental origins of health and disease,'' has a profound impact on public health strategies for the prevention of major illnesses. The adverse influences that program the fetus for later disease often originate in the maternal compartment. These perturbations include impaired utero-placental blood flow leading to decreased oxygenation of the intervillous space, diabetes, obesity, toxins, altered maternal nutrition (overnutrition or undernutrition), and inflammation, among others. The placenta plays an essential role in developmental programming, because changes in, for example, maternal metabolism and nutrient availability are transmitted to the fetus via the placenta. The placenta responds to these perturbations by changing its structure and function, which influences nutrient and oxygen supply and secretion of hormones and circulating factors to the mother and fetus.
In this brief review we will discuss the mechanisms by which the placenta integrates maternal nutritional cues with fetal demand signals and allocates resources between the mother and her fetus to ensure reproductive success. First, we will review some of the basic mechanisms involved in placental control of maternal physiological adaptations to pregnancy, which are essential to allow maternal resources to be redistributed for fetal growth. We will then discuss how placental function is regulated by maternal supply and fetal demand and explore placental signaling pathways that may integrate these diverse signals in a process called placental nutrient sensing to regulate placental function, thereby controlling the allocation of resources between the mother and fetus. In addition, the role of imprinted genes will be discussed. Finally, we will propose an integrated model of how maternal-fetal resource allocation is controlled and discuss the evolutionary significance of these processes.
MATERNAL PHYSIOLOGICAL ADAPTATIONS TO PREGNANCY

Cardiovascular Adaptation
Pregnancy is associated with increased venous return and cardiac preload secondary to increased maternal total blood volume [4] . Cardiac output increases gradually during early pregnancy and reaches a plateau by the beginning of the second trimester, which is largely maintained throughout pregnancy [5] . In parallel, there is a gradual and substantial increase in heart rate [6] and a decrease in vascular resistance [5, 7] to allow for increased blood flow in numerous vascular beds including the liver, the kidney, and the utero-placental circulation. In rats, it has been shown that the levels of relaxin, a polypeptide hormone produced by the corpus luteum, increase gradually and reach a peak at the end of pregnancy [7] . The treatment of nonpregnant rats with relaxin reproduces the hemodynamic adaptations in response to pregnancy, suggesting that relaxin is a major contributor to pregnancyassociated decreased vascular resistance and increased maternal cardiac output [7] .
Following involution of sex steroid hormone production by the corpus luteum, secretion of estrogen and progesterone by the placenta into the maternal circulation increases exponentially throughout pregnancy. Among various effects, estrogen increases utero-placental blood flow [8] . In vitro experiments on uterine and placental blood vessels [9] and animal studies [10, 11] have shown that 17b-estradiol or agonists of estrogen receptors exert specific localized vasodilatory actions. The placenta lacks autonomic innervation [12] , thus highlighting the importance of the role of estrogen and/or local placental vasoactive factors for adequate utero-placental blood perfusion.
Metabolic Adaptation
During early to mid gestation maternal food intake increases. There is a 60% increase in insulin secretion, which stimulates lipogenesis and reduces fatty acid oxidation, thereby promoting maternal lipid accumulation [8] . As a result, maternal leptin levels start to rise [13, 14] . Maternal serum adiponectin is increased in early gestation [15] , which may contribute to the increased insulin sensitivity that is observed in the first trimester. During mid-late gestation, maternal food intake and lipid accumulation continue to increase, but maternal insulin resistance develops as reflected by a decrease in insulin sensitivity by 45%-70% [16] . These changes occur concomitantly to a reduction in plasma levels of adiponectin, which increases the leptin to adiponectin ratio [14, [17] [18] [19] .
Maternal insulin resistance in the second half of pregnancy promotes increases hepatic gluconeogenesis, reduces glucose uptake and energy storage in maternal skeletal muscle and adipose tissue, and increases lipolysis in adipose tissue, thereby making glucose and lipids available for transfer to the fetus [8, 20] . A multitude of factors contribute to the development of insulin resistance in pregnancy. Placental growth hormone (pGH), a variant of growth hormone produced by the placenta, is believed to be of particular importance [17, 18, 21] . Placental growth hormone is a potent insulin antagonist that stimulates maternal lipolysis [22, 23] and hepatic gluconeogenesis [24] .
Overall, the maternal metabolic adaptations in early pregnancy are characterized by accumulation of nutrients, in particular fat stores. In contrast, during the second half of pregnancy placental and maternal hormones promote allocation of nutrients to the fetus.
PLACENTAL FUNCTION AND MATERNAL-FETAL RESOURCE ALLOCATION
The placenta controls maternal-fetal resource allocation by influencing maternal supply or by altering nutrient delivery to the fetus. First, and as discussed above, the placenta regulates maternal supply by altering the secretion of hormones and signaling factors into the maternal circulation. For example, in intrauterine growth restriction (IUGR), pGH secretion is reduced [25] , and because this is a key factor responsible for maternal insulin resistance in pregnancy, lower pGH levels may explain the observation that mothers of IUGR babies are more insulin sensitive than mothers giving birth to a normalsized infant. In addition, because pGH is the primary factor regulating the release of insulin-like growth factor I (IGF-I) from the maternal liver, and IGF-I in turn stimulates placental growth and transport functions [8, [26] [27] [28] , the decreased pGH secretion in IUGR may function as a negative feedback loop contributing to the restricted fetal growth in this condition. We propose that this regulatory loop constitutes an adaptive mechanism serving the purpose to down-regulate placental nutrient transport in response to, for example, reduced uteroplacental blood flow, thereby matching fetal growth to the decreased maternal oxygen and nutrient supply.
Insulin-like growth factor 2 (IGF-II) is abundantly expressed by the placenta in many species, including humans and rodents. Recent studies have shown that deletion of the placenta-specific promoter (P0; [29] ) of the Igf2 gene (Igf2P0; not expressed in humans), markedly affects maternal physiology and these changes may contribute to the placental and fetal phenotype [30] . Specifically, Sferruzzi-Perri et al. [30] report that deletion of Igf2P0 alters maternal metabolic and endocrine profiles and their response to undernutrition. In particular, alpha-amino nitrogen (a measure of total amino acid levels) in the maternal circulation is lower in the dams carrying Igf2P0 knockout fetuses, consistent with the possibility that placentaspecific IGF-II knockout may affect maternal adaptations to pregnancy. In addition, maternal corticosterone levels are markedly higher in dams carrying Igf2P0 embryos and these dams were hyperinsulinemic [30] . Although the relevance of these observations for humans remain to be established, these findings suggest that placental IGF-II modulates signaling from the placenta to the mother, which adapts maternal metabolism possibly in response to changes in nutrient supply to the placenta.
Nutrient transport is the primary function of the syncytiotrophoblast and determines not only placental growth but also fetal nutrient availability and growth. Mechanisms for regulation of placental nutrient transport, changes in placental nutrient transport systems in pregnancy complications, and placental nutrient transport in response to changes in maternal nutrition have been reviewed in detail elsewhere [31, 32] . Although normal fetal growth is dependent on the availability DÍAZ ET AL. of a number of different classes of nutrients, for the purpose of this brief review we will discuss only placental amino acid transport. Amino acid availability is a key determinant for fetal growth [33] and fetal concentrations of amino acids are generally higher in the fetus compared with maternal levels [34] . Although at least 25 different amino acid transporter systems are expressed in the placenta [35] [36] [37] , only a few have been studied in detail. System A is a Na þ -dependent amino acid transporter that mediates the uptake of nonessential neutral amino acids against their concentration gradient into the syncytiotrophoblast [32, 35, 38] ; the high intracellular concentration of nonessential amino acids that is generated serves as a driving force for exchange of extracellular essential amino acids through the system L amino acid transporter, a Na þ -independent exchanger. System A activity is highly polarized to the syncytiotrophoblast apical microvillous plasma membrane [39] , whereas system L is expressed in both syncytiotrophoblast membranes in an isoform-dependent manner [40, 41] .
Placental amino acid transporters are regulated by hormones, cytokines, and nutrients [32] . The apical microvillous membrane of the syncytiotrophoblast expresses numerous hormone receptors, such as insulin [42, 43] , IGF-I [44] , and leptin [45] receptors, consistent with regulation of placental function by maternal hormones. It has been shown that insulin [46] [47] [48] [49] , IGF-I [48, 50] , leptin [51] , and cytokines such as interleukin 6 (IL-6) [52] and tumor necrosis factor alpha [52] are positive regulators of system A amino acid transporters. Moreover, the activation of trophoblast system A activity by IL-6, leptin, and oleic acid appears to involve the transcription factor STAT-3 [49, 52, 53] , indicating that there are common pathways to integrate and ''sense'' different maternal metabolic cues. On the contrary, interleukin 1beta, a proinflammatory cytokine with increased placental expression in obesity [54] , inhibits insulin signaling and prevents insulin-stimulated amino acid transport in cultured primary human trophoblasts [55] . In addition, maternal glucocorticoid treatment during midgestation reduces system A transport by late gestation in the mouse placenta [56] and results in reduced fetal weight [57] .
PLACENTAL RESPONSES TO CHANGES IN MATERNAL SUPPLY
Evidence from experimental animals shows that placental structure, growth, and function are directly affected by maternal nutrient availability and/or perturbations to the maternal environment [29, [58] [59] [60] [61] [62] [63] . These changes will directly influence placental transfer of solutes and oxygen to the fetus and will alter hormone secretion and the release of signaling molecules into the fetal circulation [2] .
There are a multitude of signals that provide information with respect to the ability of the maternal supply line to support pregnancy. These include utero-placental blood flow, which must increase rapidly during pregnancy to support normal fetal growth and oxygenation [64, 65] . The importance of adequate oxygen supply for normal fetal growth is illustrated by the increased incidence of fetal growth restriction at high altitude [66, 67] . Furthermore, circulating maternal levels of nutrients and metabolic hormones such as cortisol, insulin, leptin, and IGF-I are key metabolic cues informing the placenta about the nutritional status of the mother. For example, maternal nutrient restriction is typically associated with low circulating insulin, IGF-I, and leptin and elevated cortisol levels [30, 58] , whereas conditions characterized by overnutrition, such as maternal obesity, often are associated with elevated serum insulin, IGF-I, and leptin [19, 68] . In addition, adipokines secreted by maternal adipose tissue may carry important information about maternal fat stores and the proinflammatory milieu. In particular, maternal serum levels of adiponectin are inversely correlated with birth weight in healthy pregnant women with varying early pregnancy body mass index [19, 69] , as well as in women with gestational diabetes mellitus (GDM) [70] . In contrast to maternal adiponectin, fetal adiponectin levels are positively correlated to birth weight [71] and studies using genetic approaches to manipulate adiponectin gene expression in mice have demonstrated a link between elevated fetal adiponectin and increased size of fat stores in early life [72] . This suggests that maternal and fetal adiponectin may have opposite and independent roles in regulating fetal growth. We have recently shown that maternal adiponectin functions as an endocrine link between maternal adipose stores, placental function, and fetal growth [20] . Specifically, maternal adiponectin inhibits placental insulin signaling mediated by generation of ceramide, resulting in inhibition of mechanistic target of rapamycin (mTOR) signaling and reduced trafficking of specific amino acid transporter isoforms to the trophoblast plasma membrane, thereby reducing fetal amino acid availability and limiting fetal growth [46, 73, 74] (Fig. 1) . Thus, in contrast to skeletal muscle and the liver, adiponectin causes insulin resistance in the placenta. We propose that maternal adiponectin signals to the placenta on the status of maternal fat stores. In a lean mother, high maternal adiponectin tends to limit fetal growth by inhibition of placental insulin signaling and nutrient transport. On the other hand, in obesity and GDM, low maternal adiponectin removes the inhibition of placental insulin signaling, contributing to increased fetal growth (Fig.  2) .
The placental response to changes in maternal oxygen and nutrient supply includes alterations in the expression and/or function of nutrient transporters [31, 58, 62, 75, 76] . For instance, maternal undernutrition or restricted utero-placental blood flow results in down-regulation of placental nutrient transporters and, consequently, decreased fetal nutrient availability. Thus, these changes will directly contribute to the development of fetal growth restriction, reflecting a placental adaptation to reduced maternal supply. The placental responses to changes in maternal supply therefore represent a mechanism by which fetal growth is matched to the ability of the maternal supply line to allocate resources to the fetus.
PLACENTAL RESPONSES TO FETAL DEMAND
Most of the evidence for control of placental function by fetal demand has been obtained in experiments using mouse models where it is possible to control the fetal environment [77] [78] [79] . Based on these studies, it is proposed that the fetus signals the placenta to homeostatically regulate growth and nutrient transport. Thus, in response to maternal undernutrition or impaired utero-placental blood flow, which results in decreased fetal oxygen and/or nutrient availability, the fetus signals to up-regulate placental growth and nutrient transport [29, 78, 80] . This suggests that the regulation of placental function by fetal demand signals represents a compensatory rather than an adaptive mechanism to maintain fetal growth within a normal range.
There are some observations in the human in support of fetal demand signals controlling placental function. Amino acid transporter activity in the syncytiotrophoblast apical microvillous membrane has been reported to inversely correlate to fetal size at birth, within the normal birth weight range [81] . In addition, the fetal hormone parathyroid hormone-related peptide (PTHrp) regulates placental Ca 2þ PLACENTAL NUTRIENT SENSING AND RESOURCE ALLOCATION pump activity in the syncytiotrophoblast basal plasma membrane [82, 83] . Indeed, in IUGR pregnancies, the elevated fetal circulating levels of PTHrp [83] and increased placental Ca 2þ pump activity [82] may reflect regulation of placental function by a fetal demand signal. In support of this hypothesis, elegant mouse studies show that deletion of the PTHrp gene abolishes the positive fetal-maternal Ca 2þ gradient [84, 85] and that placental Ca 2þ transport is upregulated in mouse fetuses with growth restriction induced by placental Igf2P0 deletion [86] . Key nutrient transporters in the syncytiotrophoblast are down-regulated in human fetal growth restriction [39, 87, 88] and placental transport capacity is increased in association to fetal overgrowth in some [89, 90] but not all studies [91] . These findings are at odds with the notion that fetal demand signals are important regulators of placental nutrient transport.
FIG. 1.
Maternal adiponectin inhibits trophoblast insulin signaling and amino acid transport. Based on studies in cultured primary human trophoblast cells [46, 73, 74] and in vivo experiments in mice [46, 73, 74] , we propose that maternal adiponectin activates transcription factor peroxisome proliferator-activated receptor alpha (PPARa) and increases ceramide production, which inhibits insulin signaling (insulin receptor substrate 1 [IRS-1]) and subsequently Akt and insulin-stimulated amino acid transport. Insulin regulates amino acid transport in primary trophoblasts by both transcriptional mechanisms and posttranslational processes, which involve mTOR-dependent trafficking of specific amino acid transporter (AAT) isoforms to the plasma membrane. Consequently, adiponectin inhibition of insulin signaling is likely to impact upon insulin-dependent mTOR activation and regulation of amino acid transport, thereby reducing fetal amino acid availability and limiting fetal growth. MVM, apical microvillous membrane; BM, basal membrane; AAs, amino acids; APPL, adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper containing 1-2; Akt, protein kinase B; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; P, phosphorylation/activation.
FIG. 2.
Maternal adiponectin functions as an endocrine link between maternal adipose stores, placental function, and fetal growth. In a lean woman, high maternal adiponectin tends to limit fetal growth by inhibition of placental nutrient transport. In obesity and GDM, low adiponectin levels may promote fetal growth.
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Instead, these observations support a strong influence of maternal signals, which adapts placental function according to the availability of resources that can be allocated to the growing fetus. However, most of these studies were performed at term and it is therefore possible that compensatory changes due to fetal demand signals may be present in the placenta at earlier stages of gestation.
The nature of fetal demand signals regulating placental function is largely unknown. Based on evidence from mouse models of placenta-specific and global Igf2 gene deletions, it has been proposed that IGF-II is a key fetal demand signal. In mice with placental-specific deletion of Igf2, placentas are growth restricted but the expression and activity of specific nutrient transporters has been reported to be up-regulated [78] . In pups with global Igf2 gene knockout, placental and fetal growth restriction develops, but in contrast to the animals with placental-specific deletion of Igf2, no up-regulation of placental nutrient transporters is observed [78] . Conversely, in humans, fetal circulating levels of IGF-II are reduced in fetal growth restriction [92] and increased in association with fetal overgrowth [93] , which is not consistent with IGF-II as a fetal demand signal.
PLACENTAL SIGNALING PATHWAYS RESPONDING TO ALTERED METABOLISM AND NUTRITION
A multitude of nutrient-sensing pathways have been identified in the syncytiotrophoblast that may participate in the integration of maternal and fetal signals and the regulation of fetal nutrient availability by modulating placental growth and nutrient transport [76] . These placental nutrient sensors include adenosine monophosphate-activated protein kinase (AMPK), amino acid response-signal transduction pathway (AAR), glycogen synthase 3 (GSK-3), the hexosamine signaling pathway [2] , and mTOR complex 1 (mTORC1) [76] . Of these signaling pathways, the evidence supporting a role of mTORC1 in placental nutrient sensing is particularly compelling and is discussed in a subsequent section.
The AAR adapts the cell to nutrient stress and is activated by limitation or imbalance of essential amino acids [94] . In these situations, there is an increase of uncharged tRNA species, which become bound by the general control nonderepressible 2 kinase, leading to phosphorylation of the eukaryotic translation initiation factor 2-subunit alpha (eIF2a). This factor decreases global translation but increases the translation of activating transcription factor (ATF) 4, resulting in increased transcription of a subset of specific genes, a process collectively known as the unfolded protein response [94] . Many ATF4 target genes have been shown to be involved in transport, metabolism, and oxidative stress. In the placenta, the AAR pathway has been reported to be activated in a rat model of maternal protein restriction [95] . In addition, phosphorylation of eIF2a is increased in placentas from growth-restricted fetuses [96] , whereas in pregnant rats fed with a high-fat diet leading to fetal overgrowth, eIF2a phosphorylation is decreased [97] . Interestingly, in pregnancies at high altitude, which are associated with chronic maternal hypobaric hypoxia and low birth weight, there is increased phosphorylation of eIF2a, indicative of inhibition of protein synthesis [98] .
AMPK is well established as the global energy sensor of the cell [99] . A reduction in ATP levels, and thus an increase in AMP levels, phosphorylates and activates AMPK and promotes ATP-generating catabolic pathways such as an increase in glucose uptake and fatty acid oxidation. Moreover, AMPK activation inhibits ATP-consuming anabolic pathways, including protein synthesis, in order to maintain cellular energy balance and homeostasis. Placental AMPK phosphorylation has been reported to be increased in sheep subjected to 50% calorie restriction [100] and decreased in overnourished, obese pregnant ewes [101] , high-fat diet-fed pregnant rats [97] , and obese women giving birth to large babies [89] . In contrast, placental AMPK activity is unaltered in response to maternal protein restriction in the rat [62] . Although AMPK phosphorylation constitutes a proxy for tissue ATP levels, more detailed studies are needed to better understand placental energy sensing and the link between placental energy metabolism and fetal growth.
GSK-3 is a serine/threonine protein kinase that is inhibited by insulin/IGF-I/Akt signaling [102] and functions as a glucose sensor [103] . In the human placenta, GSK-3 is activated in pregnancies complicated by fetal growth restriction [96] , but the underlying mechanisms remain unclear [96, 104, 105] . In addition, placental GSK-3 is activated in maternal nutrient restriction in the baboon, which is associated with downregulation of placental nutrient transporters, decreased circulating fetal levels of amino acids, and fetal growth restriction [27] .
Nuclear and cytoplasmic proteins are dynamically modified at their serine and threonine hydroxyl groups by the attachment of O-linked N-acetylglucosamine (O-GlcNAc) monosaccharides. The enzymes of the O-GlcNAc cycle (O-GlcNAc transferase/O-GlcNAcase) couple nutrient-dependent synthesis of UDP-GlcNAc to O-GlcNAc modification of serine/threonine amino acid residues [106] . These nutrients include glucose, glutamine, and acetyl-CoA. This series of reactions culminating in O-GlcNAcylation of targets is known as the hexosamine signaling pathway. This pathway is a cellular regulator of signaling cascades influencing growth, metabolism, and cellular stress. Although there is little evidence supporting a role of this pathway as a placental nutrient sensor, preliminary studies have demonstrated that the hexosamine signaling pathway is active in first-trimester human placenta and influences hormone production and IGF signaling [107] .
THE ROLE OF mTOR IN PLACENTAL NUTRIENT SENSING
Mechanistic target of rapamycin is a ubiquitously expressed serine/threonine kinase that is present as two complexes differing in both their regulation and function. In particular, mTORC1 is a master regulator of the cellular translational machinery; it controls cell growth, proliferation, and metabolism in response to nutrient availability and growth factor signaling. Mechanistic target of rapamycin complex 1 promotes protein synthesis via downstream targets including ribosomal S6 kinases (S6K1 and S6K2), eukaryotic initiation factor 4E-binding proteins (4E-BP1 and 4E-BP2), and eukaryotic initiation factor 4G (eIF4G) [108, 109] , and thereby affects overall cellular translation rates. The mTORC1 signaling pathway also influences the transcription of genes involved in amino acid, lipid, and nucleotide metabolism and immune modulation [110, 111] . Placental mTOR signaling has been proposed to play an important role as an integrator of diverse signals in the placenta and to regulate fetal nutrient availability by modulating placental growth and nutrient transport [76] .
The first line of evidence consistent with an important role for mTORC1 in placental nutrient sensing is that mTORC1 has a multitude of upstream regulators, including free fatty acids, amino acids, glucose, ATP, and oxygen. It is likely that the placental concentrations of some of these nutrients are changed PLACENTAL NUTRIENT SENSING AND RESOURCE ALLOCATION in conditions such as placental insufficiency, maternal undernutrition, or obesity. Indeed, some growth-restricted fetuses are hypoglycemic and hypoxemic, and have low circulating levels of essential amino acids [112, 113] , suggesting that nutrients and oxygen are also low in the placenta. Furthermore, phosphorylation of placental AMPK, an upstream regulator of mTOR activity, is markedly decreased in maternal obesity [89] , indicative of high ATP levels. In the placenta, mTORC1 is highly expressed in the syncytiotrophoblast [114] , and evidence indicates that mTORC1 is regulated by glucose and amino acid concentrations in cultured primary human trophoblasts [48] . In addition to nutrients, mTORC1 is also regulated by an array of growth factors and hormones. Both maternal undernutrition and overnutrition alter circulating levels of hormones and factors including insulin, IGF-I, adiponectin, and leptin. Mechanistic target of rapamycin complex 1 is activated by insulin and IGF-I, and placental insulin/IGF-I signaling is inhibited in IUGR [96, 104, 105] . In addition, leptin signaling activates and cortisol inhibits mTORC1 [2] . Thus, mTORC1 signaling links maternal metabolic hormones and local nutrient levels to placental growth and function.
The second argument to support an important role for mTORC1 in placental nutrient sensing is that mTORC1 regulates trophoblast amino acid transport. Mechanistic target of rapamycin complex 1 stimulates system A and L amino acid transporters [48, 114, 115] , which are critical for transport of both essential and nonessential amino acids to the fetus. Mechanistic target of rapamycin complex 1 regulates trophoblast amino acid transport by posttranslational mechanisms involving modulation of the trafficking of specific amino acid transporter isoforms to the plasma membrane [116] . Thus, placental mTORC1 signaling links maternal nutrient supply to fetal growth by influencing the transfer of amino acids across the placenta.
A third line of evidence consistent with an important role for mTORC1 signaling in placental nutrient sensing is that the activity of this signaling pathway is altered in pregnancy complications associated with abnormal fetal growth and in animal models where maternal nutrient availability has been altered experimentally. Placental mTORC1 activity is inhibited in human IUGR [96, 114] and activated in placentas of large babies born to obese mothers [97] . Furthermore, placental mTORC1 activity has been reported to be decreased in hyperthermia-induced IUGR in the sheep [117] and in response to a maternal low-protein diet in the rat [62] and maternal calorie restriction in the baboon [27] .
IMPRINTED GENES IN MATERNAL-FETAL RESOURCE ALLOCATION
The placenta is of fetal origin, thus sharing the fetal genotype. From an evolutionary perspective, the conflict theory (also known as kinship theory of genomic imprinting) proposes that imprinted genes (genes that are expressed in a parentspecific manner) have evolved because of the need to allocate maternal resources to the offspring [118] . Indeed, paternally derived genes are thought to support the extraction of maternal resources for the benefit of a unique offspring, and, on the contrary, maternally derived genes tend to counteract this effect in order to prevent depletion of resources by allocating them equally among different offspring [78, 119] . Several studies have demonstrated that placental signals originating from imprinted genes regulate nutrient transport in the mouse placenta [120] and thereby control fetal growth [78, 79, 120 ].
More than 70 imprinted genes have been identified in the mouse placenta. Importantly, subgroups of these genes are imprinted only in the placenta and are involved in regulation of fetal and placental growth [120] . One of the most studied paternally expressed/maternally repressed imprinted genes in the placenta is Igf2 [29] . In mice, Igf2P0 knockout results in placental growth restriction at Embryonic Day 12 (e12) onwards, but fetal growth restriction does not occur until e16, where there is a moderate but significant reduction in fetal growth; moreover, at e19 fetal growth restriction is more pronounced [29, 78] . Therefore, the Igf2P0 knockout mouse is a model where the growth potential of the placenta has been genetically manipulated independently of that of the fetus. In this model, the fetal:placental weight ratio at e16 is 50% higher in Igf2P0 knockout fetuses compared to wild type. Furthermore, system A amino acid transport activity and expression shows a 50% increase compared to wild-type mice, indicating an up-regulation of nutrient transport. In contrast, at e19 the fetal:placental weight ratio and system A activity/expression were not different between Igf2P0 knockout and wild-type mice. Therefore, nutrient transporters can be up-regulated to increase placental efficiency when the placental size is small to meet the demands of the normally growing fetus, suggesting a compensatory mechanism to match fetal-placental growth. However, this up-regulation and increased efficiency are temporary and are not maintained in late pregnancy in the face of prolonged insult because fetal growth restriction ultimately develops in Igf2P0 knockout mice [29, 78] .
H19 is an example of a maternally imprinted gene in the placenta [121] . Deletion of H19 results in overgrowth of the placenta, decreased gene expression of nutrient transporters, and reduced transport capacity [120, 122, 123] . The H19 gene encodes a highly expressed, growth-regulating, noncoding RNA that shares regulatory elements with IGF-II [124] . Interestingly, the H19 gene controls imprinting of the Igf2 locus [125] , so its deletion results in biallelic expression of Igf2 and hence a double dosage of the growth factor [119] . Overall, studies in mice have demonstrated that altered imprinting of H19 and Igf2 are associated with placental and fetal growth abnormalities [29, 124] , where changes in the expression and/ FIG. 3 . Placental nutrient-sensing model. The placenta integrates a multitude of maternal and fetal cues with information from intrinsic nutrient-sensing signaling pathways to match fetal demand with maternal supply by regulating maternal physiology, placental growth, and nutrient transport. In addition, the expression of imprinted genes will determine the overall long-term functional capacity of the placenta for the entire pregnancy.
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or function of nutrient transporters are proposed to be due to fetal demand signals in an attempt to halt (H19) or increase (Igf2) fetal growth.
Despite extensive experimental evidence from gene-targeting approaches in the mouse, a physiological role of imprinted genes in the active day-to-day regulation of maternal-fetal resource allocation remains to be established. It is possible that placental imprinted genes influence the long-term functional capacity of the placenta, thereby establishing a trajectory for placental function for the entire pregnancy.
PLACENTAL CONTROL OF MATERNAL-FETAL RESOURCE ALLOCATION: AN INTEGRATED MODEL
We have proposed a model (placental nutrient sensing) in which the placenta integrates a multitude of maternal and fetal nutritional cues with information from intrinsic nutrientsensing signaling pathways to match fetal demand with maternal supply by regulating maternal physiology, placental growth, and nutrient transport [31] (Fig. 3) . As discussed previously, there is compelling evidence to suggest that trophoblast mTOR signaling is one important component of the placental nutrient sensor. We propose that these mechanisms have evolved because of the evolutionary pressures of maternal undernutrition. Although these regulatory loops may also function in response to overnutrition, it is possible that these responses may not be as readily apparent in maternal obesity or diabetes as in response to maternal undernutrition. Differential expression of placental imprinted genes influences the growth and transport capacity of the placenta, with paternally imprinted genes allocating nutrients to the fetus whereas maternally expressed genes allocate nutrients to the mother and limit fetal growth. We propose that, whereas imprinted genes are involved in determining the overall longterm functional capacity of the placenta for the entire pregnancy, placental nutrient sensing mediates dynamic regulation of placental function in response to changes in the maternal and fetal compartments (Fig. 3) . It is important to note that our current model of placental control of maternal-fetal resource allocation is largely based on associations rather than cause-and-effect studies and much more work is needed to better understand the mechanistic links between placental responses to changes in nutrition and placental function, fetal growth, and the long-term health of the offspring.
The relative importance of maternal supply and fetal demand signals for the regulation of placental function may differ between species, and depend on the type, duration, and severity of the nutritional perturbation [31] . It is plausible, for instance, that regulation by fetal demand signals is predominant when the nutritional challenge is moderate or brief, whereas regulation by maternal supply may override fetal demand signals if the nutritional challenge is more severe or prolonged. Matching fetal growth to maternal resources in situations of significant maternal undernutrition will produce an offspring that is smaller in size but that, in most instances, will survive and reproduce. Thus, rather than enhanced nutrient extraction from the already-deprived mother, which will jeopardize the survival of both the mother and her fetus, restricted fetal growth is the trade-off to avoid reproductive failure.
